Ultrafine grained commercial purity titanium (CP-Ti) was fabricated by accumulative roll-bonding (ARB) process up to 6 cycles at ambient temperature. The microstructure was composed of the equiaxed grain structure having a mean grain size of 90 nm and the lamellar boundary structure having a mean lamellar spacing of 70 nm. The specimen ARB processed by 6 cycles were subsequently annealed at various temperatures for 1.8 ks. After annealing at 400 C, the ARB specimen showed the partially recrystallized microstructure composed of recrystallized grains with grain size of approximately 0.5 mm and the recovered ultrafine structure. After annealing at 500 C, the microstructure was filled with the equiaxed recrystallized grains having a mean grain size of approximately 2 mm. The mechanical properties of the ARB processed and subsequently annealed specimens were investigated by tensile test. The tensile strength decreased and the total elongation increased continuously with increasing the annealing temperature. It was found that the tensile strength decreased linearly with increasing the total elongation in a strength-ductility balance plot, which was significantly different from the cases of Al and the interstitial free (IF) steel where the strength-elongation balance showed a trade-off relationship. The result indicates that ultrafine grained Ti has an excellent strength-ductility balance compared with Al and IF steel.
Introduction
It is well known that severe plastic deformation (SPD) processes, such as accumulative roll-bonding (ARB), equal channel angular pressing (ECAP), high-pressure torsion (HPT) and so on, are able to fabricate ultrafine grained (UFG) microstructures with mean grain sizes smaller than 1 mm. [1] [2] [3] [4] The UFG materials generally exhibit much higher strength than that of the conventional materials with grain sizes of several tens micrometers. Because high strength can be obtained in simple compositions without alloying elements, the UFG materials have important advantages from viewpoints of recycle and production cost. However, the UFG materials sometimes exhibit low uniform elongation in tensile test due to early plastic instability. [5] [6] [7] [8] [9] [10] [11] [12] [13] The SPD materials have characteristics of deformation microstructures as well as fine-grained structures. Such microstructures can be controlled subsequent heat treatment, which would also change the mechanical properties including ductility. Therefore, it is important to clarify annealing behaviors of the UFG materials fabricated by SPD.
The materials having cubic crystal structure have been mainly reported in the SPD/UFG studies. On the other hand, the h.c.p. materials have been rarely reported. In our previous study, a commercial purity titanium (CP-Ti) having h.c.p. crystal structure was severely deformed by the ARB.
14) The ARB processed CP-Ti exhibited high strength but low ductility. In other words, the CP-Ti showed a similar tendency to the SPD processed cubic materials in the mechanical properties. However, the equiaxed grain structure with a mean grain size less than 100 nm that have not been reported in cubic materials was observed in the CP-Ti. Thus, the microstructural change of the ARB processed CP-Ti during annealing might be different from that of cubic materials. The change in mechanical properties during annealing is of course curious.
In the present study, CP-Ti sheets were ARB processed and then subsequently annealed, in order to clarify the annealing behaviors. The microstructure, strength and ductility of the CP-Ti ARB processed and annealed were investigated in details.
Experimental
A commercial purity titanium (CP-Ti: ASTM grade 2) sheets 2 mm in thickness, 40 mm in width and 200 mm in length were used in this study. The chemical composition of the material is shown in Table 1 . The starting sheet had equiaxed grains with the mean grain size of 10 mm. The starting sheets were firstly deformed to 50% reduction in thickness (equivalent strain of 0.8) by one-pass rolling at RT. This procedure is hereafter considered as the first ARB cycle. The 50% cold-rolled sheets 1 mm thick were cut in halflength, stacked to be 2 mm thick after degreasing and wirebrushing the contact surfaces, and then roll-bonded by 50% reduction in one pass at RT, which is considered as the 2nd ARB cycle. The procedures in the 2nd ARB cycle were repeated by four times more, i.e., totally 6 ARB cycles (total equivalent strain of 6.4) were applied to the material. The ARB was carried out under well-lubricated condition using a two-high mill having a roll diameter of 310 mm. The roll peripheral speed was 0.29 m s À1 , so that the mean strain rate during rolling was 19 s À1 . The sheets were cooled into water immediately after roll-bonding. The sheets ARB processed by 6 cycles were annealed at various temperatures ranging from 300
C to 800 C for 1.8 ks in argon atmosphere. The microstructural characterization of the CP-Ti sheets ARB processed and annealed was carried out by transmission electron microscopy (TEM). The observed sections for TEM were perpendicular to the transverse direction (TD) of the sheets. The thin foils perpendicular to TD were prepared by twin-jet electro-polishing in a 50 ml HClO 4 + 350 ml CH 3 (CH 2 ) 2 CH 2 OH + 600 ml CH 3 OH solution. TEM observations were carried out by the use of Hitachi H-800 operated at 200 kV.
Tensile tests were conducted for the ARP processed and annealed specimens at RT. Tensile specimens 5 mm in gage width and 10 mm in gage length (1/5 of JIS-5 specimen) were tested at an initial strain rate of 8:3 Â 10 À4 s À1 . The tensile direction was parallel to the rolling direction (RD) of the sheets.
Results
3.1 Microstructure of the CP-Ti ARB processed and annealed Figure 1 shows the TEM microstructures of the CP-Ti specimen ARB processed by 6 cycles at RT. The microstructure is composed of two types of characteristic morphologies: 14) one is the lamellar boundary structure elongated to RD with a mean boundary interval of 70 nm, and the other is the equiaxed grain structure with a mean grain size of 90 nm. Typical lamellar boundary structure and equiaxed grain structure are shown in Fig. 1(b) and Fig. 1(c) , respectively. The density of dislocations was high in the microstructures.
The microstructures of the CP-Ti ARB processed and subsequently annealed for 1.8 ks at various temperatures are shown in Fig. 2 . The specimens annealed at temperatures below 300 C (b,c) showed recovered microstructures with slight grain growth, where the microstructural morphologies were similar to that of the as-ARB processed materials (a). On the other hand, the specimens annealed at temperatures above 400 C showed recrystallized grains (d, e, f). In the specimen annealed at 400 C, equiaxed recrystallized grains having grain size of several hundreds nm were found (Fig. 2d ). This is a typical discontinuous recrystallization 15) characterized by nucleation and growth. The number and fraction of the recrystallized grains increased with increasing annealing temperature. The specimen annealed at 500 C was filled with the recrystallized grains with a mean grain size of 2.3 mm. Figure 3 shows the change in the microstructure dimensions as a function of annealing temperature in the CP-Ti ARB processed and subsequently annealed. The vertical axis is shown in logarithmic scale. The size of the deformation microstructures (i.e., the lamellar boundary structure and the equiaxed grain structure) gradually increased with increasing annealing temperature. Above 400 C, the mean grain size of the recrystallized grains is also shown in Fig. 3 . The recrystallized grain grew significantly as the annealing temperature increased.
Area fractions of the lamellar boundary structure, the equiaxed grain structure and the recrystallized grains were evaluated from the TEM micrographs, and the obtained results are shown in Fig. 4 . The fraction of the lamellar boundary structure gradually decreased with increasing the annealing temperature. On the other hand, the fraction of the equiaxed grain structure gradually increased with increasing the annealing temperatures below 400 C and remarkably decreased in annealing at 450 C. The fraction recrystallized increased notably with increasing the annealing temperature above 400 C. The above results indicate that slight coarsening of microstructure happens at low temperatures due to recovery. The fact that the fraction of the lamellar boundary structure decreased while that of the equiaxed grain structure increased suggests that some of the lamellar boundary structure turned into the equiaxed grains also by recovery. As recrystallization started and proceeded above 400 C, the fraction of the equiaxed grain structure mainly decreased, while that of the lamellar boundary structure did not change so much. This suggests that the recrystallized grains formed mainly from the equiaxed grain structure in the deformation microstructures. Figure 5 shows nominal stress-strain curves of the CP-Ti ARB processed by 6 cycles and then annealed at various temperatures for 1.8 ks. The horizontal axis in Fig. 5 indicates the plastic nominal strain. In the as-ARB processed material, the flow stress quickly increased at early stage of the tensile deformation, reached at the maximum (tensile strength) at small strain, and then decreased owing to necking of the specimen. As a results, the ARB specimen showed limited uniform elongation of 4.5%, though the tensile strength was fairly high (892 MPa). The stress-strain curves of the specimens annealed at temperatures below 300 C did not change so much from that of the as-ARB specimen. Annealing temperature, T / °C Area fraction, f (%) Fig. 4 Area fractions of the lamellar boundary structure, equiaxed grain structure and recrystallized grains in the CP-Ti ARB processed by 6 cycles at room temperature and subsequently annealed at various temperatures for 1.8 ks.
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Above 400 C, the flow stress decreased and the total elongation increased with increasing the annealing temperature. The shape of the stress-strain curve of the 500 C annealed specimen was significantly different from that of the as-ARB specimen. It showed yield-drop and then large strain-hardening, which is an interesting results in this study.
The strength (0.2% proof stress and tensile strength) and elongation (uniform elongation and total elongation) obtained from the stress-strain curves are summarized in Fig. 6 as a function of annealing temperature. The uniform elongation kept nearly a constant value below 400 C and increased above 450 C. The total elongation slightly increased with increasing the annealing temperature below 350 C and greatly increased above 400 C. The proof stress and tensile strength showed nearly constant values below 250 C. Above 300 C, the strength decreased with increasing the annealing temperature.
Discussion
Annealing behavior of ARB processed CP-Ti
In the previous study, annealing behaviors of the ARB processed cubic-metals have been reported. 5, [7] [8] [9] [10] [11] [12] [13] In case of Al and IF-steel, which are known as ''recovery-type'' materials in their restoration behaviors, recovery occurred during annealing at low temperature and the grain size increased homogeneously. 5, 7, 8) This phenomenon is sometimes called a ''continuous recrystallization''. 15) On the other hand, in case of Cu which are known as ''recrystallizationtype'' materials, it was reported that conventional ''discontinuous recrystallization'' characterized by nucleation and growth of recrystallized grains occurred during annealing. 16) In the present study, the annealing behavior of the ARB processed CP-Ti having h.c.p. crystal structure was investigated. After annealing below 300 C, recovery did not occur so much that the dislocation density within the UFG grains did not decrease. After annealing at 400 C, the ARB processed CP-Ti exhibited the partially recrystallized microstructure that is characterized by the equiaxed recrystallized grain consuming the deformed microstructure (Fig. 2) . This is a typical feature in discontinuous recrystallization. The recrystallization behavior of the SPD-Ti has not yet been reported before. The present study firstly clarified that the annealing behaviors of the CP-Ti SPD (ARB) processed are rather similar to those in the ''recrystallization type'' cubic metals like Cu.
Characteristic mechanical properties of ARB proc-
essed and annealed CP-Ti It is known that the UFG materials often exhibit low uniform elongation, though they generally have high strength. The reason for the limited ductility is understood that a plastic instability necking in tensile test occurs at very early stage of the tensile test in the UFG materials. The plastic instability condition is, for example, simply shown in the following equation.
Where and " are true stress and strain, respectively. The elongation indicates that plastic instability (necking) happens when the flow stress () becomes larger than the strainhardening rate (d=d") of the materials. In case of the Al and IF steel ARB processed and annealed, 5, 8) ultra-grain refinement greatly increased the strength (especially yield strength) of the materials. On the other hand, the strain-hardening rate was not enhanced but rather decreased by grain refinement. As a result, plastic instability occurred at very early stage of tensile test so that the uniform elongation was limited. Generally speaking, annealing treatments can recover the decreased ductility of deformed materials. Actually the elongation of the ARB processed Al and IF steel recovered by annealing, but it happened only after the strength significantly decreased. In case of the present CP-Ti, however, the elongation continuously recovered with increasing the annealing temperature, i.e., with decreasing strength (Fig. 5) .
In order to compare the strength-ductility balance, the tensile strength of the ARB processed and annealed Al, IF steel and CP-Ti was plotted as a function of the total elongation in Fig. 7 . Here, the tensile strength was normalized by the tensile strength of the as-ARB processed specimens. The strength-ductility plots of the Al and IF steel were located on the identical belt and showed a trade-off relationship. That is, the elongation of these materials greatly increased only after the strength became half of the as-ARB specimens. On the other hand, the ductility of the CP-Ti linearly increased with decreasing the strength. As a result, good strength-ductility balance could be obtained in the ARB processed and annealed CP-Ti, compared with the Al and IF steel. Recently, Y. Wang et al. 17) reported that excellent strength-ductility balance could be achieved in the pure Cu having the bimodal nano-structure that was mixture of the ultrafine grained matrix fabricated by SPD and relatively coarse grains recrystallized within the matrix. They explained that the large ductility was attributed to the strainhardening in the coarse grains dispersing within the ultrafine grained matrix having high strength. Here, the partially recrystallized microstructures shown in Fig. 2 (d,e) are similar to the bimodal nanostructure reported in Cu. 16) That is, the good strength-ductility balance in the present CP-Ti might be caused by the bimodal structure as well.
In Fig. 8 , the strength (tensile strength and 0.2% proof stress) and the ductility (total elongation and uniform elongation) of the CP-Ti ARB processed an annealed were plotted as function of the frdction recrystallized. Both tensile strength and 0.2% proof stress fairly decreased at the early stage of recrystallization. And then, the strength gradually decreased with increasing the fraction recrystallized. However, it should be noted that the difference between tensile strength and 0.2% proof stress rather decreased as recrystallization proceeded. Concerning ductility, total elongation of the material greatly recovered by 6.5% recrystallization and continuously increased with increasing the fraction recrystallized. On the other hand, the uniform elongation did not recover so much up to 40% recrystallization. This is, the increased in total elongation is not due to the recovery of uniform elongation (but post-uniform elongation), which corresponds to the result that strain-hardening was not improved by annealing. This indicates that the increase in ductility of the ARB processed and annealed CP-Ti is not owing to the delay of plastic instability through enhancement of strain hardening. It can be concluded, therefore, that the good strength-ductility balance in the present CP-Ti specimens is not attributed to the bimodal nanostructure. It is considered to be a characteristic feature of CP-Ti having h.c.p. structure.
Conclusions
The change in microstructure and mechanical property during annealing of a commercial purity titanium (CP-Ti) severely deformed by the ARB process was investigated. The main results are summarized below: (1) During low temperature annealing, high dislocation density in the ARB processed CP-Ti did not decrease so much by recovery, though the microstructure slightly coarsened with increasing annealing temperature. On the other hand, the specimens annealed above 400 C showed recrystallized grains. It was found that typical discontinuous recrystallization characterized by nucleation and growth occurred in the ARB processed CP-Ti. (2) Both strength and ductility of the ARB processed CP-Ti continuously changed by annealing. As a result, the CP-Ti ARB processed and subsequently annealed exhibited an excellent strength-ductility balance compared with the Al and IF-steel ARB processed and annealed. It was found that uniform elongation was not improved but post-uniform elongation mainly increased as recrystallization proceeded in the CP-Ti.
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